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APPARATUS FOR MICROINDENTATION HARDNESS TESTING 
AND SURFACE IMAGING 
INCORPORATING A MULT I -PLATE CAPACITOR SYSTEM 

Related Applications 

The present application is a continuation-in-part of 

co-pending application Serial No. 08/131 , 405 , filed on 

October 1, 1993 A . 

A 

Technical Field 
The present invention relates to apparatus for 
microindentation hardness testing and subsequent surface 
imaging of the results with high resolution capability. 
More particularly, it is directed to such devices 
incorporating a sensor, including a multi-plate capacitor 
system. 

Background of the Invention 
Many applications for precise measurement of force, 
weight, and relative position are known in the art. For 
example, machine shop tools for precisely indicating or 
fabricating holes, channels or other surface features 
relative to one another require accurate position or 
displacement measurement. Accurate measurement of 
displacement or position on small parts, such as those used 
in the manufacture of electronic components is particularly 
important . 

Measurement of force or weight accurately at minute 
quantities, along with instruments to accomplish such 




measurements are well known. Strain gauge transducers are 
one industry recognized instrument for such measurements. 
These instruments can be used in laboratory analysis , such 
as micro hardness testing of samples. Furthermore, 
5 laboratory scales for measuring constituent components in 

minute quantities with high resolution are well known in 
chemical, biological, drug and medical fields. 

A known limitation to resolution in strain gauge 
transducers is the signal to noise ratio of the instrument. 

10 Strain gauge transducers have an output of only a few 

millivolts. It is recognized that the minimal possible 
noise level for the strain gauge transducer is set by the 
thermal noise on the strain gauge resistive element. For 
example, the calculated noise for a commercial strain gauge 

15 sensor with 350 Ohm resistance is 2.4 nV at 1 Hz bandwidth. 

In more recent years, the development of scanned-probe 
microscopes has created a need for higher resolution 
measurement of force and position at minute levels. As 
disclosed by Wickramasinghe in "Scanned-Probe Microscopes", 

20 Scientific American . October, 1989, pp. 98-105, scanned- 

probe microscopes allow an examination of a surface at very 
close range with a probe that may be just a single atom 
across, and resolve features and properties on a scale that 
eludes other microscopes. 

25 The disclosure of Wickramasinghe, which is incorporated 

herein by reference, discloses two types of scanned-probe 




microscopes. The first type is a scanning tunneling 
microscope, while the second is an atomic force microscope. 

In the atomic force microscope/ a scanned-probe device 
moves a minute tip, such as an atomically sharp diamond 
5 mounted on a metal foil over a specimen in a raster pattern. 

The instrument records contours of force, the repulsion 
generated by the overlap of the electron cloud at the tip 
with the electron clouds of surface atoms. In effect, the 
tip, like the stylus of a phonograph, reads the surface. 
10 The foil acts as a spring, keeping the tip pressed against 

the surface as it is jostled up and down by the atomic 
topography. 

A scanning tunneling microscope senses atomic-scale 
topography by means of electrons that tunnel across the gap 

15 between a probe and the surface. Piezoelectric ceramics, 

which change size slightly in response to changes in applied 
voltage, maneuver the tungsten probe of a scanning tunneling 
microscope in three dimensions. A voltage is applied to the 
tip, and is moved toward the surface, which must be 

20 conducting or semiconducting, until a tunneling current 

starts to flow. The tip is then scanned back and forth in a 
raster pattern. The tunneling current tends to vary with 
the topography. A feedback mechanism responds by moving the 
tip up and down, following the surface relief. The tip's 

25 movements are translated into an image of the surface. 

With scanning tunneling microscopy, it is recognized 



that measurement of surface topography would be incorrect if 
the tip distance from the surface is not maintained. Thus, 
a measurement of the force applied by the tip on the sample 
throughout the measurement cycle would serve to confirm that 
such distance is maintained, and provide a cross-check for 
the accuracy of the topographic measurement. 

As previously stated, instruments such as strain gauge 
transducers can be used for micro hardness testing of 
samples while scanning tunneling microscopes and atomic 
force microscopes are recognized methods for measuring or 
imaging surface topography. There would be a significant 
advantage when making microindentation hardness tests if it 
were possible to immediately image the results with high 
resolution capability. Presently known tips and control 
mechanisms for scanning tunneling microscopes and atomic 
force microscopes have heretofore prevented these 
instruments from being capable of both measuring surface 
topography and conducting microindentation hardness tests. 

The tungsten scanning tunneling microscope tips 
generally used on these instruments are very slender and 
tend to bend into a fish hook shape at rather low 
indentation loads so that imaging after indentation is 
somewhat suspect. The atomic force microscope tips, 
although harder than the tungsten scanning tunneling 
microscope tips, are mounted on a delicate cantilever which 
is easily broken off. This limits the amount of force that 



can be applied with the atomic force microscope to much less 
than is needed for most indentations. 

An alternative approach is to build a scanning 
tunneling or atomic force microscope with a built in 
5 scanning electron microscope which gives the imaging 

capability after indentation but at a considerable expense 
in equipment cost and added time. Also, the scanning 
electron microscope only works under vacuum so that 
observation of moist samples, such as biological specimens 

10 is not possible. 

In studying mechanical properties of materials on the 
microscopic scale, indentation and scratch testing are two 
frequently used techniques. Indentation testing, where a 
diamond tip is forced into the material being tested is 

15 commonly used for determining hardness, and is beginning to 

be used to determine elastic modulus. The scratch test is 
used to determine (among other things) the adhesion of a 
film or coating deposited on a substrate. This is done by 
dragging the diamond tip across the sample surface under 

20 increasing load until a critical load is reached at which 

time some kind of delamination or failure occurs . 

Normally the indentation or scratch is performed on one 
machine designed for that purpose, and the results are 
analyzed by using a microscope to determine the indent size 

25 or area of delamination. For feature sizes of a few 

micrometers or greater this is usually done with an optical 



microscope. 

For features of less than a few micrometers , as are 
becoming increasingly important with the continued 
miniaturization of semiconductors and decreased thickness of 
5 protective coatings , such as used on magnetic storage disks , 

the area would normally be determined by scanning electron 
microscope imaging. This involves significant work in 
sample preparation, especially for samples that are 
electrical insulators and need to be gold or carbon coated 

10 before imaging on the scanning electron microscope. Also, 

just finding the tiny indent or scratch is not trivial. For 
the smallest indents and scratches, the atomic level 
resolution of the scanning tunneling microscope or atomic 
force microscope may be required to accurately resolve the 

15 scratch widths and areas of delamination. Researchers have 

reported spending up to eight hours locating an indent on 
the atomic force microscope after producing it on a separate 
microindentor . 

Another source of uncertainty is plastic flow or 

20 relaxation that may take place with certain samples. If 

this occurs over time periods of an hour or less, an indent 
produced by a separate indentor may disappear before it can 
be inspected on a microscope. Indents made in the 50 
Angstrom range, have sometimes indicated plastic 

25 deformations that could not be seen with the scanning 

electron microscope or atomic force microscope imaging. 



Possible explanations include mechanical hysterisis in the 
indentor causing it to indicate plastic deformation that was 
not actually present. It is also possible that there 
actually was an indent present that the researcher was not 
5 able to locate. A third possibility is that the sample 

exhibited a relaxation effect where the indent was actually 
present, but disappeared by some plastic flow phenomena 
before the sample could be observed in the microscope. 

There would obviously be a significant advantage when 

10 making microindentation hardness and scratch tests if it 

were possible to immediately image the results with high 
resolution capability. Such capability would both reduce 
time and cost of the measurements and reduce uncertainties 
about the results. 

15 I Bonin et al. (U.S. Patent No. 4,694,687) discloses a 

vehicle performance analyzer which incorporates a capacitive 
accelerometer for detecting changes in G-forces and for 
producing a digital count value proportional to such 
changes. The sensor includes a capacitive transducer 

20 comprising a pair of spaced-apart parallel plates disposed 

on opposite sides of a beam- supported moveable plate, which 
responds to changes in acceleration of forces. Bonin et al. 
discloses, in Figure 3, that the beam- supported moveable 
plate is sealed from access between the spaced-apart 

25 parallel plates. Thus, although not physically accessible, 

the moveable plate will yield and be displaced when 



subjected to G-forces during acceleration when mounted 
perpendicular to such force. Bonin et al. (U.S. Patent No. 
4,694,687) is hereby incorporated by reference. 

Summary of the Invention 

The present invention provides a force, weight or 
position sensor unit and sensor element in a first 
embodiment. In a second embodiment, the sensor element of 
the first embodiment is incorporated into an apparatus for 
microindentation hardness testing and surface imaging which 
allows immediate imaging of the surface subsequent to 
hardness testing. 

First, turning to the first embodiment of the present 
invention, a force, weight or position sensor unit and 
sensor element is provided. The output from the sensor may 
be converted to a DC signal proportional to the weight, 
force or relative position of the measured sample. This 
conversion may be accomplished as generally disclosed by 
Bonin et al. in U.S. Patent No. 4,694,687, for example. 

In a preferred embodiment, the sensor uses a multi- 
capacitor system having drive and pick-up plates mounted on 
an appropriate suspension system to provide the desired 
relative motion when a force is applied to the pick-up 
plate. The drive plates may be driven with an AC carrier 
signal in the order of 50 KHz, with the driving signals 
being 180 degrees out of phase with each other. 

The output signal is run through a buffer amplifier of 

8 



very high input impedance (100 M Ohm-0.3 pF, for example) , 
and then synchronously demodulated to produce a DC signal 
proportional to force or displacement. The output is 
positive for one direction of displacement, and negative for 
5 the opposite direction. 

A sensor element in accordance with the present 
invention includes a pair of capacitive transducers, each 
transducer including a separate drive plate and a shared 
pick-up plate. One of the pair of drive plates includes a 

10 hole therethrough centrally disposed on the drive plate. 

The pick-up plate is positioned between the pair of drive 
plates and spaced from each drive plate by an insulating 
spacer. Thus, the drive plates, in a preferred embodiment, 
generally include spaced opposing conductive surfaces when 

15 the pick-up plate is mounted therebetween. The pick-up 

plate can be generally a conductive central plate suspended 
by a spring means between the drive plates, wherein the 
central plate is capable of deflection between the 
conductive surfaces of each of the drive plates. 

20 The sensor element includes means for transmitting 

force from a point remote from the central plate to the 
central plate. The means can include a sample holder which 
is attached to the pick-up plate so that it moves in unison 
with such plate. Alternatively, any rod or member passed 

25 through the hole in one drive plate and in contact with the 

central plate may transmit force to the pickup plate. The 
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output is actually proportional to the pick-up plate 
position , but can easily be calibrated to represent force 
since the sensor may be constructed to have a linear force 
versus displacement relationship. 
5 In a preferred embodiment , the sample holder is a 

pedestal having a stem portion which passes through the 
centrally disposed hole in one drive plate and remains in 
contact with the surface of the conductive central plate of 
the pick-up plate. Contact with the central plate is 

10 approximately at its center point. Thus, the pedestal 

transmits a force applied to the pedestal to the central 
plate with resulting deflection of the central plate. A 
diaphragm seal can be included to prevent dust or other 
contaminants from entering through the space between the 

15 pedestal stem and hole in the drive plate. 

The disclosed force sensor is particularly useful in 
conjunction with scanned-probed microscopes, such as a 
scanning tunneling microscope or an atomic force microscope. 
It is, however, recognized that the sensor may be utilized 

20 in any application for measuring weight, force or 

displacement that requires high resolution of minute 
measurements. The force sensor of the present invention has 
a resolution of over 100,000 to 1. The sensor can be of a 
size 1/2" square and 1/8" thick, which allows it to be 

25 mounted on the sample holder region of an existing scanned- 

probe microscope. The sample to be subjected to microscopy 

10 




can then be mounted on top of the sensor. This gives a 
direct readout of the force applied to the sample by the 
microscope tip. 

The signal to noise ratio of the sensors of the present 
5 invention are much higher than those calculated for existing 

strain gauge transducers. As previously stated, the minimum 
possible noise level for a strain gauge transducer is set by 
the thermal noise of the strain gauge element. In contrast, 
the capacitive sensor of the present invention has a noise 

10 level controlled by the impedance of the sensor. This 

allows for a signal to noise ratio of a capacitive 
transducer of the present invention that exceeds that of a 
strain gauge by more than 10 times. This can be increased 
even further by increasing the carrier signal beyond 50 KHz. 

15 The useable resolution is limited by thermal stability, but 

it is believed that the thermal stability can be improved 
with use of more stable materials, and that automatic 
correction of base line drift is also possible. 

The sensor element of the present invention comprises 

20 first and second, serially connected variable capacitors 

which may be readily fabricated using conventional printed 
circuit etching techniques. More specifically, the sensor 
comprises a stacked configuration of five substrates. 
The two outermost substrates, or first and fifth 

25 substrates, have a metalized surface on each side thereof. 

A portion of the metal surface on the inner side of the 
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outer most plates each comprise the first plates (drive 
plates) of a different variable capacitor. The first 
substrate further includes a hole or passage therethrough 
for receiving means for transmitting force to the pickup 
plate (from a sample holder, for example) without contacting 
or being frictionally restrained from movement therethrough. 
The pick-up plate is described more fully below. The fifth 
substrate further includes an area directly opposite and 
conforming to the size of the hole or passage in the first 
substrate in which the metalized surface is etched therefrom 
on the inner surface. This is done to maintain linearity of 
response of the sensor. The metalized surfaces of the outer 
side of the first and fifth substrates act as shields, in 
known manner. 

The first and fifth or outer substrates each abut the 
second and fourth substrates, respectively, which comprise 
insulating substrates or frame members having an open 
central portion at least as large as a central plate of the 
third substrate described below. 

The third substrate is sandwiched between these two 
insulating frame members. A portion of the third substrate 
comprises a common second plate or pick-up plate for the 
pair of variable capacitors defined by the first and fifth 
substrates. The third substrate includes a planar central 
plate which is suspended by spring-like members. In 
preferred embodiments, the spring-like members include four 

12 



relatively thin L-shaped springs. The metal mass is thus 
displaceable within the frame openings when the five 
substrates are sandwiched together. 

The means for transmitting force to the central plate, 
5 for example sample holder or pedestal, passes through the 

first and second substrate without contact, while abutting, 
contacting or attaching to the suspended metal mass 
proximate it center. In this way, forces applied to the 
sample holder or pedestal are translated to displacement of 

10 the suspended metal mass. 

Electrical connections to various layers of substrates 
in the construction outlined above can be made by conductive 
pins inserted through metalized holes made using 
conventional plate through hole techniques common to multi- 

15 layered printed circuit assemblies. 

Means for applying an alternating current carrier 
signal to the pair of drive plates is provided. An 
alternating current signal from a high frequency oscillator 
is impressed across the terminals associated with the first 

20 and fifth substrates or two outer most stationary plates of 

the transducer and the central displaceable plate (pick-up 
plate) provides an output. As such, a push-pull signal 
proportional to the amount of deflection of the central 
moveable plate is developed and subsequently amplified, and 

25 then synchronously demodulated by means for monitoring an 

output signal. A DC voltage signal which is proportional to 

13 



force, weight or displacement can be produced. 

In a second embodiment, the above described sensor can 
also be utilized as a device for measuring ultra- 
microhardness of samples with the capability of simultaneous 
or immediately subsequent scanning tunneling microscopy or 
atomic force microscopy imaging. It has been found that 
sensors of the present invention can readily provide a full 
scale range of 3 grams with resolution to 30 micrograms. 

When the sensor of the present invention is utilized in 
an apparatus for microindentation and imaging, the sensor is 
utilized to generate the deflection signal which is 
presently obtained in atomic force microscopy from the photo 
sensor output of a laser reflected off the cantilever. 
Further, with this second embodiment, the sample is mounted 
on the force sensor, and a suitable indentor tip or other 
hard, sharp tip is mounted on a scanning tunneling 
microscope piezo actuator. It has been found not necessary 
for either the indentor tip or sample to be conductive, as 
the force output from the sensor is sent back to the control 
unit, causing the system to operate much like a standard 
atomic force microscope. 

The sample can be imaged by specifying a contact force 
at a suitably low value to not affect the sample. After 
imaging, the controller can be used to force the tip into 
the sample and produce the indent, with the force sensor 
providing a reading of the applied load during the indenting 

, : 14 ; 
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process. The scanned probe microscope piezo can be used to 
force the tip into the sample to form the indent. The 
sample can then be reimaged with the same tip so that the 
results of the indent can be seen in minutes rather than 
hours, as would be the case when using a separate indenting 
apparatus • 

These and various other advantages and features of 
novelty which characterize the present invention are pointed 
out with particularity in the claims annexed hereto and 
forming a part hereof. However, for a better understanding 
of the invention, its advantages, and the object obtained by 
its use, reference should be made to the drawing which forms 
a further part hereof, and to the accompanying descriptive 
matter in which there are illustrated and described 
preferred embodiments of the present invention. 

Brief Description of the Drawings 
In the drawings, in which like reference numerals 
indicate 'corresponding parts or elements of preferred 
embodiments of the present invention throughout the several 
views : 

Fig. 1 depicts an exploded view of a capacitative 
sensor element in accordance with the present invention; 

Fig. 2 is a schematic representation of an apparatus 
for hardness testing and surface imaging incorporating the 
sensor of the present invention; 

Fig. 3 is a photograph of an image display of the 

15 



topography of a sample prior to hardness testing on an 
apparatus of the present invention; 

Fig. 4 is a photograph of an image display of the 
topography of a sample subsequent to hardness testing on an 
apparatus of the present invention; and 

Fig, 5 is a photograph of the image display of Fig. 4, 
including sectional analysis of a sample subsequent to 
hardness testing. 

Detailed Description of the Preferred Embodiments 

Detailed embodiments of the present invention are 
described herein. However, it is to be understood that the 
disclosed embodiments are merely exemplary of the present 
invention which may be embodied in various systems. 
Therefore, specific details disclosed herein are not to be 
interpreted as limiting, but rather as a basis for the 
claims and as a representative basis for teaching one of 
skill in the art to variously practice the invention. 

The present invention includes generally two 
embodiments. The first embodiment directed to a force or 
position indicating device or sensor and the second 
embodiment directed to an apparatus for microindentation 
hardness testing and subsequent surface imaging of the 
results with high resolution capacity. The second 
embodiment utilizes, in preferred designs, the sensor 
element of the first embodiment. The force or position 
indicating device or sensor is thus described first. The 

16 



apparatus for microhardness testing and subsequent surface 
imaging utilizing the sensor is then described, recognizing 
that the disclosure with regard to the force sensor alone is 
equally applicable to the test apparatus utilizing such 
sensor. 

The force (including weight) or position indicating 
device or sensor of the present invention generally has 
three components. The first component is a sensor element, 
which is a multi-plate capacitor system. A second component 
is means for inputting an AC carrier signal, while the third 
component is means for monitoring the sensor element output, 
preferably converting the output from the sensor to a DC 
signal proportional to force, weight or displacement. 

Referring now to Fig. 1, an exploded view of the 
components of the sensor element 2 of the present invention, 
is depicted. Functionally, the sensor element comprises two 
transducers 4, 6, which function as two variable capacitors 
connected in series and forming a capacitive voltage 
divider. The overall sensor element 2 includes five 
substrate layers 8, 10, 16, 14, 12 sandwiched together to 
form the transducers. The sensor element 2 can be 
fabricated using well-known printed circuit etching 
technology. 

The first substrate layer 8 and the fifth substrate 
layer 12 include the drive plates or fixed plates of the 
transducers and are driven with a carrier signal. The 

17 



carrier signal can be an AC signal on the order of 50 KHz, 
with the signal to these outer most substrate layers 8, 12 , 
being 180 degrees out of phase with each other. 

The outer exposed surfaces of first substrate 8 and 
5 fifth substrate 12 are covered with metalization, for 

example, copper. This metal layer functions as a shield 
against EMI noise. On the inner surface of first substrate 
8 and fifth substrate 12, a metalized pattern 30 is 
provided. This metalized pattern forms the drive plate on 

10 each substrate. The metalized pattern on the interior 

surface of the first substrate 8 generally corresponds to 
that on the fifth substrate 12. As depicted in Fig. 1, the 
metalized pattern 30 or drive plate on the inside of the 
fifth substrate 12 can include a generally rectangular frame 

15 pattern 31. Extending around the periphery of the substrate 

metalized pattern 31 is a channel defining an unmetalized 
opening 32. Centrally disposed in this unmetalized opening 
32 is the rectangular metalized pattern 31 of conductive 
material, having a conductive lead 33 leading to a 

20 conductive terminal portion 34. 

The metalization on the inside surface of the first 
substrate 8 is similar to that of the inside surface of 
fifth substrate 12 with two exceptions. The first 
difference is that the terminal portions of each substrate 

25 34, 36 are offset from one another, rather than being 

vertically aligned when the sensor element 2 is assembled. 
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The second difference is the provision of a through hole 22 
centrally disposed through the thickness of the first 
substrate 8. The through hole 22 is disposed centrally for 
receiving a sample holder 24 or other means for transmitting 
5 force therethrough, which is described in further detail 

below. 

The inside surface of the fifth substrate 12 includes a 
demetalized or etched portion 38 which corresponds to the 
through hole 22. The provision of the demetalized or etched 

10 portion 38 generally corresponding to the through hole 22 

provides for the rectangular metalized pattern 30 of 
conductive material on each of the first substrate 8 and 
fifth substrate 12 inside layers to be mirror images of one 
another. This provision is necessary to provide a linear 

15 response from the pair of capacitive transducers 4, 6. 

The outer layers of the sensor element 2 or first 
substrate 8 and fifth substrate 12 can be manufactured from 
standard circuit board materials, such as 1/16" glass epoxy 
with copper on both sides. In order to reduce labor 

20 requirements, a large number of the outer layer substrates 

may be manufactured at one time. For example, a 6" sheet of 
material may be utilized to manufacture about 100 substrate 
layers of 1/2" square dimensions. The pattern for the 
metalized portion 30 of the first substrate 8 and fifth 

25 substrate 12 may be first etched in the copper. The 

substrate may be routed around the individual devices within 

19 



a large sheet of material, leaving only thin tabs of 
materials to hold them together. These tabs allow the 
devices to be snapped apart after assembly. 

The second substrate layer 10 and the fourth substrate 
5 layer 14 comprise spacer layers. As depicted in the figure, 

these layers 10, 14 may be of generally rectangular shape 
and have a generally rectangular opening formed centrally 
therein, with the opening extending completely through the 
substrate. The spacer layers, second substrate 10 and 

10 fourth substrate 14, must be insulators or covered with an 

insulating coating. The opening through the insulators 10, 
14 is equal to or greater than the dimensions of a central 
plate 20 on a third substrate 16 described below, and an 
associated appropriate suspension system 18, also described 

15 below. 

The second substrate 10 and fourth substrate 14 can be 
manufactured from etched metal with an insulating coating on 
both sides. This insulating coating could be an epoxy, or 
other organic coating such as those used on enameled magnet 

20 wire, but it is believed that best results are achieved by 

using aluminum for the spacer and anodizing it to form an 
insulating coating of aluminum oxide. 

It is believed that the insulating spacers, second 
substrate layer 10 and fourth substrate layer 14, can be 

25 etched first and then anodized, or anodized first and then 

etched, depending upon the type of photoresist chemicals 



used. A preferred method is to use aluminum sheet stock 
purchased with a thin (.00012") anodized layer on both 
sides. This anodized layer provides good adhesion with the 
positive type liquid photoresist which can be used to 
5 fabricate the other layers of the sensor element 2. With 

bare aluminum, the resist tends to peel away at the edges 
being etched making it hard to maintain desired dimensions. 

After etching, the photoresist and original anodizing 
are removed and the parts are anodized to the desired 

10 insulation thickness. Although it is believed 0.0005" or 

less of an anodized thickness layer will provide the 
required electrical isolation, it is desirable to make the 
thickness as great as possible to minimize the capacitance 
between the outer layer shields, first substrate layer 8 and 

15 fifth substrate layer 12, and a center plate, third 

substrate layer 16, described below. 

The third substrate layer 16 is sandwiched between the 
insulating layers, second substrate layer 10 and fourth 
substrate layer 14. The third substrate layer 16 includes 

20 the pick-up plate which is common to the pair of transducers 

4,6. A central plate 20 is mounted on an appropriate 
suspension system 18 to provide for desired relative motion 
of the central plate 20 or pick-up plate on third substrate 
layer 16. The third or central substrate layer 16 can be an 

25 etched metal layer supported by a suspension system 18 

defined by a pattern of slits 19. The central plate 20 is 

21 



thus a solid portion or mass suspended by the surrounding 
framework of a suspension system 18. The third substrate 
layer further includes a terminal 17 for electrical 
connection. A preferred metal for use as a central plate is 
5 a beryllium-copper alloy. 

Although a pattern of four L-shaped slits 19 are 
depicted in the figure , it is believed that other patterns 
may be utilized to provide the same type of spring 
supporting structure for central plate 20. Further, it is 

10 recognized that varying effective spring constants may be 

achieved for the centrally supported mass or central plate 
20 by altering the thickness of the materials of this 
substrate and the size of the spring elements. Thus, the 
overall range of travel per unit force exerted on the 

15 central plate 20 of the third substrate layer 16 may be 

varied by design. Thus, sensors of varying overall range 
may be manufactured. 

When the five substrate layers 8, 10, 16, 14 and 12 are 
assembled together, the central plate 20 of the third 

20 substrate layer 16 is centrally disposed within the openings 

formed in the insulating substrates, second substrate layer 
10 and fourth substrate layer 14, and thus, the central 
plate 20 is free to deflect relative to the first substrate 
layer 8 and fifth substrate layer 12. 

25 The layers may be assembled together by hand, holding 

them together with pins inserted around the entire perimeter 
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of the substrates and soldered to the outside layers. When 
assembled, selected electrical connections between the 
various internal layers or substrates can readily be 
provided as disclosed by Bonin et al. in U.S. Patent No. 
5 4,694,687. 

Means for transmitting force 24 from a point remote 
from the central plate 20 to the central plate 20 are 
provided. This means can include a sample holder 24, which 
functions to transmit the force created by the weight of a 

10 sample to the central plate 20 of the third substrate layer 

16. In a preferred embodiment, the sample holder 24 is a 
pedestal which includes a sample holding surface 26 and a 
stem portion 28. The stem portion 28 extends through the 
through hole 22 in the first substrate layer 8 and through 

15 the opening in the second substrate layer 10. The bottom 

surface 29 of the stem portion 28 contacts the upper surface 
of the central plate 20 at a central point 23 when the 
sensor is assembled. The space between the stem portion 28 
and wall of the through hole 22 is preferably sealed from 

20 contamination by a diaphragm seal or other sealing means 

which prevents entry of dirt while not impeding movement of 
the pedestal or other means for transmitting force 24. 

Thus, functionally, the weight or force exerted by a 
sample or other means on the sample holding surface 26 of 

25 the sample holder 24 is transmitted to the central plate 20 

of the third substrate layer 16 and results in deflection of 
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the central plate 20 commensurate with the force exerted on 
the surface of the sample holder 24. Thus, the central 
plate 20, under force, moves closer toward or further away 
from one or the other of the outer most substrates, first 
5 substrate layer 8 and fifth substrate layer 12. Of course, 

the sample holder 24 may be directly connected to a moving, 
or force imparting, element without positioning a "load" on 
the surface 26. Indeed, the surface 26 may be replaced by a 
connector adapted for this purpose. 

10 Means for providing a carrier signal to the outer most 

plates or first substrate layer 8 and fifth substrate layer 
12 are provided. This signal can be an AC signal. Such 
means may include an oscillator which produces a 50 KHz 
alternating current signal. The signal to each outer most 

15 plate is preferably 180 degrees out of phase with the signal 

provided to the other outer most plate. 

Means are also provided for reading the output from the 
sensor element 2, and converting the output to a signal 
proportional to force, weight or displacement of the central 

20 plate 20. The output signal is generally run through a 

buffer amplifier of very high input impedance (100 MOHM-0.3 
pF), and then synchronously demodulated to produce a DC 
signal. The DC signal is proportional to the force, weight 
or displacement of the central plate 20. The output would 

25 be positive for one direction of displacement, and negative 

for the opposite direction. It is recognized that the 
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sample holder 24 or means for transmitting force is attached 
or in contact with the central plate 20 to move in unison 
with such central plate 20. The output of the sensor 2 is 
actually proportional to the central plate 20 position , but 
5 can easily be calibrated to represent force (including 

weight) since the sensor has a linear force versus 
displacement relationship. 

It is recognized that the sample holder 24 or means for 
transmitting force must be manufactured from an insulating 

10 material or covered with an insulating material. Further, 

the clearance between the inside diameter of through hole 22 
and the outside diameter of stem portion 28 must be 
sufficient to avoid any frictional effects which may reduce 
the sensitivity of the sensor element 2 . 

15 The signal to noise ratio of the capacitive transducers 

of the present invention are much better than that of 
presently used metal strain gauge transducers. The minimum 
noise level of the strain gauge transducer is determined by 
the thermal noise of the strain gauge resistive element. 

20 This noise is proportional to the square root of the 

resistance. The output signal is proportional to the input 
signal , but is only a very small fraction of it. A typical 
value taken from a commercial scale strain gauge transducer 
is 175 Ohm resistance at full scale output of 5 millivolts. 

25 The three-plate capacitive transducer of the present 

invention does not generate noise as a resistive transducer 
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does, but the signal cannot be used without connecting it to 
an amplifier, and the amplifier must have a very high input 
resistance, so the amplifier will generate noise. The lower 
limit of this noise will be determined by the effective 
5 input impedance of the amplifier. Since the capacitive 

transducer is in parallel with the amplifier input 
impedance, and the amplifier input impedance is much larger 
than the impedance of the transducer (or the output will be 
very non-linear) , the effective input impedance is equal to 

10 that of the transducer. 

The impedance of the transducer is determined by the 
capacitance and operating frequency. Higher operating 
frequency gives lower transducer impedance (X C =1/6.28FC) . 
The capacitance is about 10 pF for the 1/2" square device 

15 with 0.005" spacing between plates. The operating frequency 

can be any convenient value, limited only by the frequency 
response of the amplifier and associated circuitry. The 
full scale output signal of the transducer is equal to the 
input voltage, which will be conservatively taken as 10 

20 volts. The full scale output of the capacitive transducer 

is 10V, which is 2,000 times greater than the strain gauge 
transducer (5mV). The impedance, and therefore the noise 
generated, is greater with the capacitive transducer (except 
at very high frequencies which would require rather 

25 expensive components), but due to the much higher inherent 

output level, the signal to noise ratio of the capacitive 
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transducer is significantly better. 

The following table shows the relationship of signal to 
noise ratio for the two transducers. 

Table 1 

Fop = operating frequency of capacitive transducer 

C = capacitance of transducer = lOpF 

Xc = impedance of transducer = 1/(6.28 x Fop x C) 

R = resistance of strain gauge = 175 Ohm 

Since noise is proportional to the square root of 

R or Xc, the ratio of capacitive transducer noise 

to strain gauge noise is the square root of 

(Xc/R) , and the factor of improvement of SNR of 

capacitive vs strain gauge is 2000 divided by the 

square root of (Xc/R). 



square root 

Fop Xc/R Xc/R 2000/sq root (Xc/R) 

lOKHz 11,400 107 19 

lOOKHz 1,140 34 59 

1MHz 114 11 190 

10MHz 11.4 3.4 590 

100MHz 1.14 1.1 1900 



Capacitive 
transducer SNR 
is better than 
strain gauge by 
factor in above 
column. 



As is readily apparent from the above table, the 
capacitive transducer sensor of the present invention is far 
superior to strain gauges on the basis of electronic noise. 



Since the output of the capacitive transducer or sensor 
element 2 is proportional to the displacement of the center 
mass portion 20 or electrode, it is recognized that a device 
for use as a scale or as a measure of displacement may be 
manufactured. It is first necessary to choose an 
appropriate stiffness for the suspension system 18 
supporting the central plate 20 so that the sample holder 24 
or means for transmitting force is forced reliably against 
the surface to be measured without exerting excessive force 
that would deflect the object and change its actual 
position. Secondly, it is recognized that the insulating 
spacers, second substrate layer 10 and fourth substrate 
layer 14, may be manufactured of different thicknesses to 
offset the center plate sufficiently. This would alter the 
operational range of the device. With resolution of one 
part in 100,000, it is believed that such sensors can 
resolve displacements down to 0.1 microinches or just 25 
Angstroms or better. 

Now referring to Fig. 2, a schematic representation of 
an apparatus for hardness testing and surface imaging 
incorporating the above-described sensor of the present 
invention is depicted. With this second embodiment, it is 
possible to conduct a scan of the surface topography of a 
sample, followed immediately by microindentation testing, 
followed by a second imaging of the surface topography all 
on the same instrument. Generally, the schematic in Fig. 2 
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depicts a commercial scanning tunneling microscope , such as 
the Nanoscope III, available from Digital Instruments, which 
has been modified to conduct the in-situ high resolution 
imaging and microindentation testing on a single instrument. 
5 As previously stated, scanning tunneling microscopes 

are commercially known. As disclosed by Wickramasinghe in 
"Scan-Probe Microscopes", Scientific American , October, 
1989, pp. 98-105, which is incorporated herein by reference, 
scanning tunneling microscopes include several standard 
10 components which are depicted in Fig. 2. 

With a scanning tunneling microscope, a sample 52 is 
placed on a sample platform 54 for analysis. The scanning 
tunneling microscope senses atomic-scale topography by means 
of electrons that tunnel across the gap between a probe 50 
and the surface of the sample 52. y. ft - jjrD pioao aotuator 50 ■ 
has^fehe^pgeb e mounted Llmr eoaa. The^ 3-D ^£^^^c^o x^ is 
utilized to move the probe in three directions in response 
to changes in applied voltage. Piezo electric ceramics are 
generally utilized because they change size slightly in 
20 response to such changes in voltage, and thus, maneuver the 

probe in th^ee^dimensions . The voltage applied to the •S-D- 
Qj .^^^S^uafeor 58 is controlled by the scanning tunneling 
microscope controller 60. 

In use, voltage is applied to the tip of the probe 50 
25 and it is moved toward the surface of the sample 52, which 

must be conducting or semiconducting, until a tunneling 
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current starts to flow. The tip of the probe 50 is then 
scanned back and forth in a raster pattern by varying the 
voltage to the piezo electric ceramics which control 
horizontal motion. The tunneling current tends to vary with 
the topography of the sample, and therefore , a current 
output signal 66 , which provides a feedback mechanism, and 
which monitors such tunneling voltage, feeds such signal to 
the scanning tunneling microscope controller 60. The- 



58 which responds by moving the tip of the probe 50 up and 
down, following the surface relief. The probe's 50 
movements are translated into an image of the surface and 
displayed on an image display 62. 

With scanning tunneling microscopy, the probe 50 is 
generally made from tungsten with a tip so fine that it may 
consist of only a single atom and measures as little as .2 
nanometers in width. 

The apparatus of Applicant's present invention for 
microindentation with subsequent surface imaging utilizes 
the above-described scanning tunneling microscope with 
several modifications. A force sensor 56, as described in 
the first embodiment, is mounted on the scanning tunneling 
microscope base in place of the standard sample holder. The 
sample 52 is then mounted on the sample platform 54. A 
force controller 64 is operatively connected to the force 
sensor 56 to monitor the output signal from the force sensor 



controller 60 adjusts the output 
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56 and convert it to a signal proportional to the force 
being applied to the sample 52 on the platform 54 by the 
probe 50. The force controller or force sensor output 
signal may then be utilized to control the vertical position 

5 of the probe 50 or position along the Z axis by sending such 

signal through the scanning tunneling microscope controller 
60 during surface imaging. Alternatively , the output from 
the force controller 64 can be monitored for measurement of 
force being applied during microindentation or micro 

0 hardness testing. These procedures are described below. 

The scanning tunneling microscope described above is 
also modified by replacing the tungsten probe with a harder 
tip for microindentation testing. In a preferred 
embodiment , a diamond tip is used/ such as blue diamond. It 

5 is not necessary for the tip to be conductive or a sample 

being tested to be conductive; however, it is recognized 
that conductive blue diamond scanning tunneling microscope 
tips are available. They can be used for scanning tunneling 
microscopy imaging of conductive samples, as well as testing 

0 with Applicant's apparatus. 

In operation, the force sensor 56 of Applicant's second 
embodiment is used for both measuring the applied force 
during indentation or scratching and for imaging before and 
after testing. An atomic force microscope type image is 

5 first obtained from the scanning tunneling microscope by 

disconnecting the scanning tunneling microscope's tunneling 
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current output signal 66 and substituting in its place the 
output signal 68 from the force sensor 56. The scanning 
tunneling microscopes scanning function can then be operated 
in a normal manner, with the force controller 64 output 
5 signal now controlling the Z axis piezo ceramic to maintain 

a constant force between the probe 50 tip and the sample 52, 
rather than a constant tunneling current. Alternatively, a 
constant height image could be obtained where the probe 50 
tip Z-position or vertical height is held constant, and the 
10 image is obtained directly from the force sensor 56 output 

signal from the force controller 64, which again passes 
through the scanning tunneling microscope controller 60 and 
results in a display of surface topography on the image 
display 62. 

15 Once an image of the surface has been made using the 

above procedure, the controller can be used to force the tip 
into the sample and produce an indent, with the force sensor 
providing a reading of the applied load during the indenting 
process. The scanned probe microscope piezo can be used to 

20 force the tip into the sample to form the indent. In 

particular, in a preferred embodiment, the Z axis piezo can 
be manipulated to provide force to the tip which provides an 
indentation. After indentation, the sample can then be 
reimaged with the same tip so that the result of the indent 

25 can be seen in minutes, rather than hours, without the need 

for moving the sample or finding the point where the 
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indentation was made in the sample. Further, because the 
first image , indentation, and second image are all made with 
the sample in a single position, it is assured that the 
first surface image and second surface image are of the same 
5 surface area and show the corresponding effect of the 

indentation step. 

With the above-described system, both conducting and 
non-conducting samples can be imaged at high resolution 
before and after mechanical testing without disturbing the 

10 sample position so that there is no problem of trying to 

locate the test region as there is when using separate 
indenting and imaging equipment. It is also possible to 
compare side by side atomic force microscope images and 
scanning tunneling microscope images of the same sample 

15 surface by flipping a switch to change from atomic force 

microscope to scanning tunneling microscope. This is 
sometimes useful as the atomic force microscope signal is 
generally an accurate representation of the sample 
topography, while the scanning tunneling microscope signal 

20 may give some information about conductivity or electronic 

states of the surface. 

Atomic force microscope images have been obtained using 
the sensor and microscope apparatus of the present 
invention, as described above. Photographs of images 

25 derived from the above apparatus are included in Figs. 3, 4, 

and 5, and reference should be made thereto. The microscope 
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utilized was a Digital Instruments Nanoscope III using a 
blue diamond probe. The sample utilized was a GaAs 
semiconductor wafer that was polished prior to testing. The 
force sensor scale factor was 5.59 V/gram, and the scanning 
5 tunneling microscope set point was 200pA. 

The image of Fig. 3 was taken before indenting while 
the image in Fig. 4 was taken after applying a force of 77.8 
mg. The surface topography, as affected by the indentation , 
is evident from the recorded image variation in color. The 

10 rust to dark brown area clearly showing the deepest 

indentation. The third image or Fig. 5 is a sectional 
analysis of the indent of Fig. 4 at its deepest section. 
The relevant data is the horizontal distance in red of .383 
micrometers and the vertical distance in green of 0.0497 

15 micrometers . 

The operating force during imaging is determined to be 
the combination of the sensor scale factors, the current to 
voltage conversion factor for the microscope, and the 
tunneling current setpoint. For the above scanning 

20 tunneling microscope, the factor was 0.1 V/nA so with the 

set point of 200 pA, the instrument would apply whatever 
force was required to produce 20 millivolts which is the 
equivalent of 3.58 milligrams force. Due to a 5 millivolt 
offset error somewhere in the system in the above tests, the 

25 200 pA setpoint generated a 15 mV, rather than 20 mV for 

sensor output and the force sensor had an output of 10 mV at 
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0 load, so the actual load was about 0.89 mg. These offsets 
can be corrected with adjustments to the setpoint of the 
scanning tunneling microscope. 

The apparatus for microindentation hardness testing of 
5 surface imaging of the present invention has been described 

with respect to a preferred embodiment in which a scanning 
tunneling microscope apparatus is utilized having a base for 
mounting a sample thereon and a piezo actuated head having a 
probe mounted thereon for operative engagement of a sample 

10 mounted on the base for measuring surface typography. In 

this embodiment, a probe is mounted on the piezo actuated 
head, while the force sensor is mounted on the base for 
mounting a sample thereon. With this arrangement, the 
scanning head or piezo actuated head moves the probe in a 

15 raster pattern over the surface dimension typography. It 

is, however, recognized that other arrangements of the 
probe, force sensor and scanning head are possible within 
the scope of the present invention. The key to operation of 
applicant's invention is that a scanned probe microscope 

20 apparatus incorporates a probe in a scanning head arranged 

for operative engagement of a surface of a sample for 
measuring a surface typography thereof. The probe has a 
hardness greater than a sample to be tested and the force 
sensor is operatively located to measure the force between 

25 the sample and the probe when operatively engaged in the 

surface thereof. 
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As previously stated , in a first preferred embodiment , 

scanned probe microscope includes a base for mounting a 

sample thereon and a piezo actuated head having a probe 

mounted thereon, with the, force sensor mounted on the base 

and the sample restincLJtherepn. In a second preferred 

embodiment f y^he force sensor may be mounted on a fixed 

surface with the probe affixed to the force sensor • The 

sample may be mounted on a sample holder which incorporates 

a piezo actuated head or scanning head* With this 

arrangement, the piezo actuated scanning head moves the 

sample against the probe with the force applied to the probe 

translated through the sensor to measure the force. 

In a third alternative embodi^rTC^ a 

A- 

surface to be scanned may be a large sample on which an 
instrument of the present invention may be mounted. The 
instrument would include the probe mounted on the force 
sensor, which in turn is mounted on the piezo actuated or 
scanning head. With this arrangement, the probe is placed 
to engage the surface of the large sample and the force 
sensor is again utilized to measure the force of contact, 
while the scanning head moves the probe over the surface for 
imaging . 



iiment,^ the probe ^can hfe 



In a fourth alternative embodiment ,^J:he prooe^can be 
mounted on a fixed surface. With this arrangement, the 
sample and force sensor are mounted on the piezo actuated or 
scanning head. Thus, the scanning head moves the sample 



over the fixed probe with the sensor measuring the force 
between such probe and sample. 

New characteristics and advantages of the invention 
covered by this document have been set forth in the 
5 foregoing description. It will be understood, however, that 

this disclosure is, in many ways, only illustrative. 
Changes may be made in details, particularly in matters of 
shape, size, and arrangement of parts, without exceeding the 
scope of the invention. The scope of the invention is, of 
10 course, defined in the language in which the appended 

claims are expressed. 
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